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Kruppel-like factor 5 (Klf5) is a transcription factor expressed by embryonic endodermal progenitors that
form the lining of the gastrointestinal tract. A Klf5 ﬂoxed allele was efﬁciently deleted from the intestinal
epithelium by a Cre transgene under control of the Shh promoter resulting in the inhibition of villus
morphogenesis and epithelial differentiation. Although proliferation of the intestinal epithelium was
maintained, the expression of Elf3, Pparg, Atoh1, Ascl2, Neurog3, Hnf4a, Cdx1, and other genes associated
with epithelial cell differentiation was inhibited in the Klf5-deﬁcient intestines. At E18.5, Klf5D/D fetuses
lacked the apical brush border characteristic of enterocytes, and a loss of goblet and enteroendocrine
cells was observed. The failure to form villi was not attributable to the absence of HH or PDGF signaling,
known mediators of this developmental process. Klf5-deletion blocked the decrease in FoxA1 and Sox9
expression that accompanies normal villus morphogenesis. KLF5 directly inhibited activity of the FoxA1
promoter, and in turn FOXA1 inhibited Elf3 gene expression in vitro, linking the observed loss of Elf3
with the persistent expression of FoxA1 observed in Klf5-deﬁcient mice. Genetic network analysis
identiﬁed KLF5 as a key transcription factor regulating intestinal cell differentiation and cell adhesion.
These studies indicate a novel requirement for KLF5 to initiate morphogenesis of the early endoderm
into a compartmentalized intestinal epithelium comprised of villi and terminally differentiated cells.
& 2012 Elsevier Inc. All rights reserved.Introduction
The primitive endoderm forms the gut tube extending from
the rostral to caudal ends of the embryo. Early patterning of the
gut is deﬁned along the proximal–distal axis by restricted
patterns of transcription factor expression i.e., Sox2 is restricted
to the proximal regions that will develop into the esophagus and
stomach (Raghoebir et al., 2012). Cdx2 expression is restricted to
more distal regions giving rise to the small intestine and colon
(Gao et al., 2009). In contrast, other factors, including Klf5, FoxA1,
and Sox9, are initially expressed along the entire length of the
gastrointestinal tract (Bagheri-Fam et al., 2006; Besnard et al.,
2004; Moore-Scott et al., 2007). Beginning on approximately
embryonic day 14.5 of gestation (E14.5), the pseudostratiﬁed
epithelium of the intestine transitions to a single layeredll rights reserved.
l Medical Center, Division of
, Cincinnati, OH 45229, USA.columnar epithelium as villi begin to form. Villi are ﬁnger-like
projections of terminally differentiated epithelium and support-
ing lamina propria that increase the luminal surface area of the
intestine. Villus formation ensues between E15 and E16.5
in the mouse, beginning proximally and proceeding distally.
By E18.5, villi are present throughout the intestine and terminally
differentiated absorptive (enterocyte) and secretory (goblet and
neuroendocrine) cells are present. Between the villi is a highly
proliferative intervillus region that will give rise to the crypts of
Lieberkuhn, where stem cells reside in the mature organ (for
review see, Spence et al., 2011). Many studies on intestinal
maturation have focused on the role of the crypt in maintaining
the villi and the epithelial cell types found in the mature intestine.
Factors regulating the initial establishment of the villus are
less well understood. In the present study, we identiﬁed an
important role of Kruppel-like factor 5 (Klf5) in formation of the
fetal intestine.
Klf5 is a member of a large family of transcription factors that
share a characteristic C2H2 zinc-ﬁnger DNA binding domain. Klf5
is expressed in many tissues where it both activates and represses
transcription of target genes (Dong and Chen, 2009). In embryonic
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maintenance of pluripotency (Nandan and Yang, 2009). During
mouse embryogenesis, tissue speciﬁc deletion of Klf5 demon-
strates its requirement for implantation (Sun et al., 2012),
adipocyte differentiation (Oishi et al., 2005), bladder urothelial
maturation (Bell et al., 2011), terminal maturation of lung
epithelial cells (Wan et al., 2008), and postnatal-development of
the eyelid and cornea (Kenchegowda et al., 2011). Klf5 is highly
expressed throughout development in the gastrointestinal epithe-
lium (Dong and Chen, 2009). In the adult intestine, KLF5 co-
localizes with highly proliferative cells within the crypt. A recent
study by McConnell et al. (2011) demonstrated that deletion of
KLF5 in the postnatal intestinal epithelium disrupted crypt
architecture and the balance between goblet and enteroendocrine
cells within the colon. In the present study, we demonstrate that
KLF5 also plays a pivotal role in establishing the villus in the fetal
intestine prior to formation of the crypts. In the absence of villus
formation, terminal maturation of small intestine and colonic cell
types was inhibited by loss of KLF5.Materials and methods
Animals
Animal protocols were approved by the Institutional Animal
Care and Use Committee in accordance with NIH guidelines.
Shhtm1 (EGFP/Cre) Cjt and Shhtm2 (Cre/ERT2) Cjt mice were purchased
from Jackson Laboratories (Bar Harbor, ME) and mated with
Klf5ﬂox/ﬂox animals (Harfe et al., 2004; Wan et al., 2008). Klf5ﬂox/ﬂox
females were time mated to Klf5ﬂox/wt; Shhtm1(EGFPCcre) Cjtþ / or
Klf5ﬂox/ﬂoxShhtm2 (Cre/ERT2)Cjtþ / males overnight and the presence of
a vaginal plug deﬁned as embryonic day 0.5 (E0.5). Pregnant dams
mated with Shhtm2 (Cre/ERT2) males were gavaged on E13.5 with
200 ml of a 20 mg/ml solution of tamoxifen made in corn oil.
Genomic DNA isolated from fetal tails was used for PCR genotyping
(Wan et al., 2008).
Immunohistochemistry
Embryos were ﬁxed in 4% paraformaldehyde 24–48 h and
embedded in either parafﬁn or OCT. Parafﬁn embedded tissue
was sectioned at 6 mm and frozen tissue was sectioned at 9 mm.
Immunohistochemistry was performed as previously described
(Bell et al., 2011) using the primary antibodies as indicated in
Supplementary Methods Table 1. At least three animals of each
genotype were evaluated per time point.
Intestinal length measurements
Fetal small intestine lengths were measured from the begin-
ning of the duodenum to the cecum and were normalized to the
crown/rump length of each fetus at E14.5, E16.5 and E18.5.
Quantitative real-time PCR
Total RNA was isolated from E14.5, E16.5, or E18.5 segments of
the intestine, approximately 1.5 cm immediately anterior to the
cecum, using the QIAGEN micro or mini RNA isolation kit. Klf5wt/wt;
Shhtm1(EGFPCcre)Cjtþ / or Klf5ﬂ/ﬂ; Shhtm1(EGFPCcre)Cjt embryos were
used for the control sample. CDNA samples were generated using
the Versa RT-kit (ThermoScientiﬁc) and ampliﬁed in triplicate on a
StepOne Plus Real Time PCR system (Applied Biosystems) using the
Applied Biosystems TAQMAN primer pairs listed in Supplementary
Methods Table 2. All values were normalized to ribosomal 18 SRNA within the sample and values calculated using the 2DDCT
method (Livak and Schmittgen, 2001).
mRNA microarray analysis
Total RNA was isolated from intestine segments located
1.5 cm anterior to the cecum from E14.5 Klf5D/D and Klf5wt/wt
Shh EGFP/Creþ embryos (n¼3 samples/genotype, each sample a pool
of two intestines) using the Qiagen MicroRNA Kit. The RNA quality
and quantity assessment, cDNA probe preparation, hybridization to
the Affymetrix Mouse Gene 1.0 ST Array, and image scan were
carried out in the CCHMC Affymetrix Core using standard proce-
dures. The hybridization data were statistically analyzed as
described in detail in the supplementary methods. The complete
dataset can be accessed from geo@ncbi.nlm.nih.gov by the acces-
sion number GSE39624. The hybridization data were sequentially
subjected to normalization, transformation, ﬁltration, functional
classiﬁcation and pathway analysis as previously described
(Xu et al., 2009). Data analysis was performed with Genespring
GX11. All probe sets on the array were pre-ﬁltered based on their
signal intensity such that a probe was used for further analysis if
the probe signal intensity was 435th percentile in at least 2 of
3 samples. Differentially expressed genes in response to Klf5
deletion vs. control mice were identiﬁed using an unpaired Stu-
dent’s t-test. Changes in gene expression were considered statisti-
cally signiﬁcant if their P value was o0.05 and fold-change was
41.5. Gene Ontology Analysis was performed using the publicly
available web-based tool DAVID (database for annotation, visuali-
zation, and integrated discovery) Huang Da et al. (2009). A gene
ontology term was considered to be overly represented when a
Fisher’s exact test P value is r0.001 and gene hits are Z5. Potential
protein/protein or protein/DNA interactions were identiﬁed using
Ingenuity Pathway Analysis (IPA, Ingenuity). IPA software maps the
differentially expressed genes identiﬁed from the microarray
experiment onto the interactome according to Ingenuity Pathway
Knowledge Base, a curated database of published literature ﬁndings
on mammalian biology. Genetic networks preferentially enriched
for input genes were generated based on their connectivity. Likely
upstream transcriptional regulators were predicted based on the
signiﬁcant overlaps between differentially expressed genes in Klf5D/
D mice and known targets of each transcription factor in the
Ingenuity knowledge base. Statistical scores were calculated to rank
the resulting networks and pathways using Fisher’s right tailed
exact test. The score indicates the degree of relevance of a network
to the input gene set, which takes into account the number of
network-eligible genes and the size of the network.
Electron microscopy
The distal small intestine from three E18.5 Klf5D/D and Klf5wt/wt
ShhEGFP/creþ fetuses was ﬁxed in 3% gluteraldehyde/.175 M
sodium cacodylate buffer followed by 1 h in 1% osmium tetroxide
prior to embedding in LX112. Sections were analyzed using a
Hitachi 7600 transmission electron microscope ﬁtted with an
AMT Advantage Plus 2K2K digital camera.
Cellular proliferation
To quantify cellular proliferation, E16.5 embryos were sagit-
tally sectioned until the midline of the embryo was reached as
determined by the presence of the bladder, a midline organ.
The percentage of proliferating cells was determined by
counting the number of phospho-histone H3 positive intestinal
epithelial nuclei and the total number of intestinal epithelial
nuclei within 3, 20 ﬁelds per 6 mm section. Three sections were
evaluated per embryo acquired approximately 60–80 mm apart.
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signiﬁcance was determined using a 2-tailed, Student’s t-test of
unequal variance.
Pregnant dams were injected i.p. with 50 mg/g body weight
50bromo-deoxyuridine (Invitrogen) on E16.5. Embryos were col-
lected 2 h post injection and ﬁxed in 4% paraformaldehyde/PBS
for immunohistochemistry.
Promoter construct generation and transient transfection assays
Promoter constructs were generated in pGL3 basic (Promega)
by subcloning regions of the mouse FoxA1 locus isolated by
restriction enzyme digestion and/or PCR ampliﬁcation of plasmid
and phage DNA provided by Kenneth S. Zaret (U of Penn, IRM,
Philadelphia, PA). mElf3 promoter constructs were kindly pro-
vided by Angie Rizzino (Hou et al., 2004). HEK293T cells were
plated (2.5105 cells/well). DNA was transfected into cells using
FUGENE 6 (Roche) in the following ratios: luciferase promoter
(500 ng), pcDNA 3.1 expression vector (450 ng), pRL-Tk-Renilla
(50 ng). Triplicate wells were harvested 24 h later and each
experiment was performed at least 4 times. Luciferase activity
was normalized to renilla activity per well and triplicate averages
determined. The average luciferase activity of each construct was
normalized by subtracting the average luciferase activity of the
parent constructs.Fig. 1. Efﬁcient deletion of Klf5 from the intestinal epithelium by ShhEgfp/Cre.
KLF5 immunohistochemistry: arrows indicate the normal expression pattern
throughout the intestinal epithelium in (A and A0) and absence of KLF5 in most
of the intestine of Klf5D/D embryos (B). Inefﬁcient recombination occurs in the
duodenum (arrowhead in B). Gross appearance of the E18.5 gastrointestinal tract
(C and D). In the Klf5D/D embryos, the intestinal length was decreased and the gut
tube appeared more translucent and dilated. St (stomach), Ce (cecum).Results
Deletion of Klf5 causes abnormal intestinal morphogenesis
To understand the role of KLF5 in maturation of the fetal
intestinal epithelium, Klf5ﬂox/foxShhEGFP/Creþ / (henceforth, Klf5D/D)
mice were generated in which Cre expression is controlled by the
endogenous Shh promoter (Harfe et al., 2004). Shh and Klf5
expression were detected by E10 in the endodermal epithelium
(Kolterud et al., 2009; Moore-Scott et al., 2007). In control E14.5
embryos, KLF5 was present in nuclei of all cells comprising the
pseudostratiﬁed intestinal epithelium (Fig. 1A). During villus
morphogenesis, higher levels of KLF5 were evident in the inter-
villus regions (Fig. 1A0). In efﬁciently recombined Klf5D/D embryos,
KLF5 staining was absent throughout the distal small intestine
and colonic epithelium as early as E14.5 (Fig. 1B). In more
proximal regions of the intestine and the distal stomach, recom-
bination of the Klf5ﬂoxed allele was less efﬁcient (Fig. 1B, Suppl.
Fig. 1A–D) as evidenced by persistent expression of KLF5 in
subsets of cells in these regions. KLF5 was generally undetectable
in more distal regions of the intestine at E15.5. KLF5 was not
detected within the epithelium of the fore stomach, consistent
with previous ﬁndings that higher levels of Shh are expressed in
the fore stomach than in the hind stomach (Bitgood and
McMahon, 1995; Kolterud et al., 2009).
Klf5D/D pups were present at a normal Mendelian ratio at E18.5
but died immediately after birth of respiratory distress likely due
to expression of ShhEGFP/Cre and deletion of Klf5 in the lung
epithelium, an observation consistent with previous studies in
which Klf5 was deleted from the embryonic respiratory epithe-
lium (Wan et al., 2008). Dissection of the gastrointestinal tracts of
E14.5, E16.5 and E18.5 fetuses revealed that proximal–distal
patterning occurred normally, since a cecum was present in all
Klf5D/D embryos (Fig. 1C and D). The small intestine and crown-to-
rump lengths were assessed and a reduction in intestinal length
was observed at E18.5, Klf5wt/wt/ShhEGFP/Creþ(3.04 cm7 .158
s.e.m.) and Klf5D/D (2.3 cm7 .154 s.e.m.) fetuses (n¼5, two tailed
Student t-Test, Po .02). At E18.5, theKlf5D/D fetal intestines were
relatively transparent and slightly dilated compared to controls(Fig. 1C and D). There was no evidence of obstruction within the
intestinal lumen. Serial sectioning revealed that the anal-rectal
junction formed normally (data not shown).
Histological examination of E18.5 Klf5D/D fetuses revealed a
severe disruption in intestinal maturation (Fig. 2). By E18.5, the
crypt–villus axis was established throughout control fetal intes-
tines and terminal differentiation of enterocytes, goblet cells, and
enteroendocrine cells was evident (Fig. 2A, C, E, and G). The
translucent appearance of E18.5 Klf5D/D intestines was likely
attributable to impaired villus morphogenesis. In proximal
regions of the Klf5D/D small intestine, where Klf5 was not as
efﬁciently deleted between E14 and E16, short villus like struc-
tures were frequently present. Although the Klf5-deﬁcient and
control small intestines were both lined by columnar epithelial
Fig. 2. KLF5 is required for villus morphogenesis and epithelial differentiation.
At E18.5, the goblet cell marker CLCA3 stained goblet cells on the villi of the small
intestine (arrows in A) and within the colon of control fetuses (arrowhead). Villus-like
structures were rarely observed in the Klf5D/D epithelium (B) and few goblet cells were
present in either the intestine (B, arrows) or colon (arrowhead). Chromogranin
A positive staining enteroendocrine cells were present in controls (C, arrows) but rare
in the Klf5D/D tissue (D, arrows). The enterocyte brush border was abnormal in the
Klf5D/D epithelium (E vs. F, arrowheads) as assessed by transmission electron micro-
scopy. The location of tight junctions was similar in both tissues (E and F, arrows).
E-cadherin staining indicates that like the control (G) the epithelium lining the Klf5D/D
(H) intestine was of columnar morphology on the ﬂattened regions and on the
rudimentary villus-like structures. Lumen of intestine (lu), colon (c), nucleus (nu). Scale
bars for each stain are present in the Klf5D/D image.
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contain distinct villus structures, and epithelial differentiation
was dramatically impaired (Fig. 2B, D, and F).Klf5ﬂox/ﬂoxShhCreERT2 fetuses exposed to tamoxifen on E13.5 exhib-
ited a similar phenotype (Fig. S2) demonstrating that the phenotypes
observed in Klf5D/D intestinal epithelium were due to loss of KLF5 at
the time of villus formation. The reduction in differentiated goblet
cells was visualized by staining with Alcian blue and for the calcium
activated chloride channel (CLCA3). The few goblet cells detected in
KLF5-deﬁcient epithelium were usually associated with rare, rudi-
mentary villus-like structures (Fig. 2A and B (arrows), S2D). Goblet
cells were also sparse in the colon that was lined by a ﬂattened
epithelium (Fig. 2A vs. B, arrowheads; Fig. 5G vs. H). Fewer cells
stained for the neuroendocrine marker chromogranin A in Klf5D/D
fetuses (Fig. 2C vs. D). In contrast to the well-organized brush border
present in normal enterocytes, the intestinal epithelial cells of Klf5D/D
fetuses had abnormally shaped, disorganized microvilli at the luminal
surface (Fig. 2E vs. F arrowheads). Tight junctions between cells at the
apical surface appeared normal in Klf5D/D tissue (Fig. 2E and F arrows).
Intestinal epithelial cell proliferation in the absence of KLF5
The association of KLF5 with cellular proliferation in the adult
intestine prompted an evaluation of proliferation in the embryo-
nic intestinal epithelium of Klf5D/D embryos (Dong and Chen,
2009). Staining for phospho-histone H3, BrdU, and Ki67 identiﬁed
proliferating cells within the intestinal epithelium of both control
and Klf5-deﬁcient embryos. Proliferation was observed through-
out the intestinal epithelium and mesenchyme of Klf5D/D and
control embryos at E14.5 (Fig. 3A and B). At E16.5 and E18.5,
proliferating epithelial cells were restricted to the intervillus
regions in controls (Fig. 3C, G, arrowheads). In contrast, prolifer-
ating Klf5D/D epithelial cells were observed in the ﬂattened
regions and on the rare villus-like projections (Fig. 3D, H, arrows).
The number of intestinal epithelial cells proliferating at E16.5
was quantiﬁed in control and Klf5D/D fetuses. A signiﬁcant
increase in the percentage of phospho-histone H3 positive nuclei
was observed within the intestinal epithelium of Klf5D/D fetuses
(33.427sem 2.3) vs. (22.097sem 2.02, Pr .0013) in controls.
Changes in intestinal epithelial cell death were not detected in
Klf5D/D fetuses by TUNEL analysis performed on adjacent E16.5
sections. Positive TUNEL staining was detected within the livers of
both control and Klf5D/D fetuses (data not shown).
Cyclin D1 mediates progression of the G1/S phase transition of
the cell cycle and is also involved in the commitment to
differentiate in some cells (for review see, Caldon et al., 2010).
In other cell types, Cyclin D1 is a direct target of KLF5 (Bateman
et al., 2004; Liu et al., 2010). Immunohistochemical staining for
cyclin D1 was detected within the intervillus regions of the
control intestinal epithelium but was absent from the Klf5D/D
epithelium (Fig. 3E vs. F) at E16.5. These observations indicate
that within the developing intestinal epithelium, cyclin D1
expression is also likely dependent on the presence of KLF5.
Failure of villus morphogenesis in Klf5D/D intestines
Reminiscent of the Klf5D/D intestine, a translucent, ﬂuid-ﬁlled
intestine, lacking morphological villi and possessing an abnormal
brush border was observed following ectopic expression of SOX2
in the intestinal epithelium (Raghoebir et al., 2012). SOX2 is
normally restricted to the anterior endodermal epithelium (e.g.,
esophagus and stomach), whereas CDX2 is restricted to the
intestine. Intestinal endoderm lacking CDX2 possessed character-
istics of foregut endoderm similar to esophagus (Gao et al., 2009).
To assess proximal–distal patterning, we evaluated SOX2 and
CDX2 expression in Klf5D/D embryos. The pattern of SOX2 and
CDX2 expression was not changed by deletion of Klf5 (Fig. 4A
and B, Fig. 5G and H) supporting the concept that early proximal–
distal speciﬁcation of the Klf5D/D intestinal epithelium occurred.
Fig. 3. Proliferation continues in the absence of KLF5. Proliferating cells were identiﬁed by immunohistochemical staining for phospho-histone H3 (A and B),
bromodeoxyuridine (Brdu) (C and D), cyclin D1 (E), or Ki67 (G and H) at the indicated ages, nZ3 embryos per age and genotype. Similar levels of proliferation were
observed within the epithelium and mesenchyme of control and Klf5D/D embryos at each time point. Cyclin D1 was detected in the mesenchyme and intervillus regions of
controls (E, arrowheads) but was absent in the Klf5D/D epithelium (F, blue arrows). Epithelial proliferation was restricted to the intervillus region in control epithelium (C
and G, arrowheads) but was present throughout the Klf5D/D epithelium (D and H, arrows). Scale bar in (A) is for images (A–F). Scale bar in (G) is for (G–H).
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distal regions between E15 and 16.5 (Fig. 4C, E, and G). At E14.5,
Klf5, Sox9, FoxA1, Shh, Ihh, and Fzd5 are expressed uniformly
throughout the epithelium. As villi form, the expression of Klf5,
Sox9, Shh, Ihh, and Fzd5 becomes restricted to the intervillus
region (Kolterud et al., 2009; Madison et al., 2005; van Es et al.,
2005) and FOXA1 expression becomes limited to a few scattered
cells (Fig. 4G, I). At E14.5, FOXA1 and SOX9 were uniformly
expressed throughout the epithelium of control and Klf5D/D
embryos (data not shown). By E15.5, SOX9 expression in controls
was decreased in the tips of newly formed villi in proximal
regions of the intestine, but maintained throughout the epithe-
lium in more distal locations (Fig. 4C). Although some folding of
the Klf5D/D epithelium was detected proximally at E15.5, distinct
villi were rarely observed and SOX9 was uniformly expressed in
both the proximal and distal intestine (Fig. 4D). By E16.5, villi
were formed throughout the small intestines of control embryos
with a concomitant reduction in the number of cells expressing
FOXA1 (Fig. 4G). In contrast, villi were usually absent from distal
regions of the small intestine and FOXA1 and SOX9 staining was
maintained at high levels throughout the intestinal epithelium of
E16.5 Klf5D/D fetuses (Fig. 4H, data not shown). At E18.5, Klf5D/D
epithelium expressed high levels of SOX9 and FOXA1 except
where rare, villus-like structures formed (Fig. 4F, J). These data
indicate that Klf5 is required for initiation of villus morphogenesis
within the distal intestine and suggest that the Klf5D/D epithelial
cells retain earlier embryonic characteristics.
Maintenance of signaling pathways controlling villus morphogenesis
Epithelial–mesenchymal crosstalk mediated by platelet-
derived growth factor (PDGF) and Hedgehog signaling pathways
is thought to regulate intestinal villus morphogenesis. PDGFA,
SHH, and IHH are normally produced by the epithelium and signal
to the underlying mesenchyme (Karlsson et al., 2000; Kolterudet al., 2009; Ramalho-Santos et al., 2000). PDGFA signals to
PDGFRa in the mesenchyme, resulting in clusters of condensed
mesenchymal cells that provide reciprocal signals (e.g., BMPs)
back to the epithelium during villus formation (Karlsson et al.,
2000). In other cell types, KLF5 regulates Pdgfa expression
(Aizawa et al., 2004; Shindo et al., 2002). To determine whether
alterations in PDGFA signaling were associated with the absence
of villus formation in Klf5D/D embryos, QRT-PCR was performed.
At E14.5, Pdgfa mRNA levels were not altered by deletion of Klf5.
At E16.5, Pdgfa mRNA levels were signiﬁcantly increased in
the distal small intestines of Klf5D/D intestines (Fig. 5I, data not
shown). These data suggest that in the embryonic intestine KLF5
is not required for expression of Pdgfa. PDGFRa was detected in a
thin layer of mesenchyme cells subjacent to the epithelium and in
clusters in the proximal small intestines of control and Klf5D/D
tissue at E15.5 (Fig. 5A and B). In controls, mesenchymal clusters
were associated with emerging villi. By E16.5, villi were present
throughout the small intestines of control embryos and PDGFRa
expression was concentrated within the villus tip mesenchyme. In
contrast, villi were absent from distal regions of the Klf5D/D small
intestine. Some clusters of PDGFRa expressing cells were detected
within the E16.5 Klf5D/Dmesenchyme associated with a presumed
initiated villus that failed to mature (Fig. 5D, arrows). Regions of
ﬂattened epithelium were also present that were not associated
with PDGFRa positive mesenchymal clusters (Fig. 5D, arrow-
heads). The presence of PDGFRa indicates that the Klf5D/D
mesenchyme is likely competent to respond to PDGFA.
The intestinal epithelium of Klf5D/D fetuses expressed Shh
between E14.5 and E16.5 as determined by QRT-PCR and in situ
hybridization (Fig. 5I, data not shown). In contrast, Ihh mRNA was
decreased in Klf5D/D cDNA at both time points (Fig. 5I, data not
shown). Known targets of HH signaling, including Ptch1, Gli1, Gli2,
Bmp2, Bmp4, and Hhip, are expressed in the developing mesench-
yme (Kolterud et al., 2009; Madison et al., 2005). In situ hybridi-
zation demonstrated that Bmp2 and Bmp4 were normally
Fig. 4. KLF5 is required for villus emergence at E15.5. At E14.5 a pseudostratiﬁed
intestinal epithelium was present in control and Klf5D/D embryos that uniformly
expressed CDX2 (A and B). At E15.5, villi are forming in proximal regions of control
fetuses accompanied by a down regulation of SOX9 at the villus tips (C, arrows inset).
Uniform SOX9 expression was present in distal regions of the intestine (C, arrowhead).
SOX9 was uniform throughout the intestine of Klf5D/D embryos (D, arrowheads). At
E16.5, deﬁned villi were present in controls where FOXA1 was localized to a subset of
villus cells (G, arrows). Villi were absent within epithelium of Klf5D/D embryos and
FOXA1 staining was present throughout the epithelium (H, arrowheads). At E18.5
SOX9 (E, arrows) and FOXA1 (I, arrows) expression were restricted in controls and both
were expressed at high levels in the ﬂattened epithelium of Klf5D/D fetuses (F and J),
arrowheads) but absent in the rare villus-like structures (blue arrows, F and J). Scale
bars for each pair of images represent 100 mm.
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not shown). At E16.5, Ptch1 and Gli2 mRNAs were signiﬁcantly
increased in the Klf5D/D intestine (Fig. 5I) suggesting that SHH issignaling to the mesenchyme. Since SHH signaling to the
mesenchyme is required for intestinal smooth muscle develop-
ment (McLin et al., 2009; Ramalho-Santos et al., 2000), E18.5
embryos were stained for aSMA. aSMA staining demonstrated the
presence of two distinct smooth muscle layers in the control
and Klf5D/D mesenchyme (Fig. 5J and K). Like Klf5D/D fetuses,
dilation of the small intestine and reduced villus size were
observed in Ihh (/) progeny, a ﬁnding partially attributed to
the absence of enteric neurons (Ramalho-Santos et al., 2000).
Staining for the enteric neuron progenitor marker SOX2 (Heanue
and Pachnis, 2011) identiﬁed these cells within the mesenchyme
of control and Klf5D/D small intestine and colon at E14.5 and E18.5
(Fig. 5G and H, data not shown). Taken together, these data
suggest that epithelial–mesenchymal signaling pathways pre-
viously shown to be important for villus formation are intact in
Klf5D/D intestines.
Identiﬁcation of KLF5 target genes
To identify putative KLF5 target genes that mediate villus
morphogenesis and epithelial maturation, we performed mRNA
microarray analysis on E14.5 intestinal samples. We identiﬁed
511 mRNAs that decreased Z1.5 fold and 133 mRNAs that
increased Z1.5 fold in the Klf5D/D intestine (Fig. 6A). Gene
networks generated using Ingenuity Pathway Analysis of mRNAs
down regulated in response to Klf5 deletion were functionally
enriched in ‘‘transcriptional regulation of cell differentiation’’ and
‘‘cell adhesion’’ (Fig. 7A). Within the cell differentiation related
sub-network, mRNAs encoding transcription factors known to
regulate terminal differentiation and maturation in the intestine
(for review see, Heath, 2010 and Spence et al., 2011) were
coordinately decreased in response to Klf5 deletion including
Atoh1 (3.42), Pparg (2.25), Cebpa (2.37), Cdx1 (1.88),
Cdx2 (1.53), Hnf1a (1.94), Hnf4a (3.87) and Hnf4g (3.87).
CDX2 positively regulates expression of Hnf4a and Cdx1 (Boyd
et al., 2010). CDX2 and HNF1a synergistically regulate cis ele-
ments in the promoters of several intestine-speciﬁc genes
(Mitchelmore et al., 2000). Other mRNAs encoding transcription
factors known to mediate intestinal epithelial maturation were
also decreased at E14.5 including Elf3 (9.09), Ascl2 (4.42),
Neurog3 (2.8), and Isx1 (1.79) (Spence et al., 2011). QRT-PCR
analyses conﬁrmed Atoh1, Cdx1, Ascl2, and Elf3 were expressed at
signiﬁcantly lower levels at E14.5 and E16.5, indicating that their
decreased expression was not likely attributable to a develop-
mental delay in the Klf5D/D fetuses (Fig. 6B). Similarly, HNF4a
protein levels were reduced in the E15.5 intestine (Fig. S3A vs. B),
conﬁrming the near total reduction in expression of this factor.
This observation is consistent with the role of HNF4a in promot-
ing terminal differentiation of intestinal epithelial cells and the
observed inhibition of terminal differentiation in the Klf5D/D
epithelium (Garrison et al., 2006; Olsen et al., 2005). While
unchanged at E14.5, FoxA1 mRNA was increased in Klf5D/D
intestines at E16.5 and E18.5 (Fig. 6B, data not shown), consistent
with protein expression data (Fig. 4H, J). Together, these results
demonstrate that loss of KLF5 disrupts the program of networked
transcriptional regulators of intestinal epithelial differentiation.
In the ‘‘cell adhesion’’ related sub-network, mRNAs encoding
claudins 2, 3, 7, 8, and 18 and tight junction protein 3 were
decreased in Klf5D/D intestines. Claudins are the structural and
molecular building blocks of tight junctions involved in main-
taining epithelial integrity, establishing micro-environments and
contributing to the overall shape of tissues or cells (Gupta and
Ryan, 2010).
In agreement with our protein and mRNA analyses of the SHH
and PDGF signaling pathways, the mRNA microarray data only
detected changes in Ihh (1.95) mRNA and a modest increase in
Fig. 5. KLF5 regulates villus morphogenesis: In control and Klf5D/D E15.5 embryos, immunohistochemistry detected PDGFRa in the mesenchyme in a thin line of cells subjacent to
the epithelium (arrowheads, (A and B) and in mesenchymal cell clusters within proximal regions of the small intestine (arrows). By E16.5, PDGFRa staining was detected in the tips
of formed villi throughout the small intestine in controls (C, arrows). Although some mesenchymal clusters expressing PDGFRa were observed in distal regions of the Klf5D/D
intestine (D, arrows) elongated villi were absent and clusters of PDGFRa expressing cells were not associated with ﬂattened regions of the epithelium (D, arrowheads). Bmp4mRNA
was present within the subepithelial mesenchyme in both the control and Klf5D/D intestine (E, F, arrowheads). Note absence of forming villi in Klf5D/D embryos compared to controls.
SOX2 was detected within the mesenchyme of the intestine (Int) and colon in both genotypes (G and H, arrows). Morphogenesis of the colon epithelium was perturbed in Klf5D/D
embryos (G vs. H, arrowheads). Signiﬁcant differences in Pdgfa (Pr.03), Ihh (Pr.02), Ptc1 (Pr.03), and Gli2 (Pr.007) mRNAs were detected by QRT-PCR, n¼5 per genotype (I).
aSMA detected an outer (arrow) and inner (arrowhead) muscle layer in the mesenchyme of Klf5D/D and control embryos (J and K). Lu (lumen).
S.M. Bell et al. / Developmental Biology 375 (2013) 128–139134Hhip (þ1.55). Although Wnt signaling has not previously been
associated with villus morphogenesis, it is critical for the main-
tenance of the adult crypt–villus axis and the control of stem cellrenewal (Spence et al., 2011). Four components of the WNT
signaling pathway expressed in the adult intestinal crypt were
altered in Klf5D/D intestines: Fzd5 (1.79), Lgr5 (3.38), Lgr4
Fig. 6. Transcriptome analysis in KLF5 deﬁcient intestines. Heat map of all genes differentially expressed between Klf5D/D and control intestines in which mRNA
expression changed 41.5 fold with PZ .05. Green indicates the presence of a lower level of mRNA (A). QRT-PCR analysis of key transcription factors known to mediate
terminal differentiation of epithelial cells at E14.5 and E16.5 (*, Pr .006), (**, Pr .001) (***, Pr .0005) (B). QRT-PCR of E14.5 intestines also conﬁrmed differential
expression of signaling molecules and structural proteins associated with terminal maturation (*, Pr .04) (**, Pr .01) (***, Pr .005) (C). For QRT-PCR, the two-tailed
Student’s t-test was used to assess statistical differences, (n¼5 at E16.5; n¼4 at E14.5).
S.M. Bell et al. / Developmental Biology 375 (2013) 128–139 135(1.6), and Dkk2 (þ1.5) (Heath, 2010; van Es et al., 2005). QRT-
PCR conﬁrmed the reduction in Fzd5 mRNA levels in E14.5 and
E16.5 Klf5D/D intestines. Although a reduction in Lgr5mRNA levels
was detected in E14.5 Klf5D/D intestines, Lgr5 expression was
increased at E16.5 and E18.5 (Fig. 6C, data not shown). Lgr5
expression is regulated by canonical Wnt signaling (Heath, 2010).
However, nuclear b-catenin staining was not observed in Klf5D/D
intestines (Fig. S3E vs. F), indicating that the canonical Wnt
signaling pathway was not aberrantly activated in the absence
of KLF5.
Intestinal maturation is associated with formation of a highly
organized luminal brush border. Consistent with the abnormal
microvilli observed in E18.5 Klf5D/D intestines (Fig. 2F), mRNAs
associated with establishment and maintenance of microvilli and
cell polarity were decreased at E14.5, including Vil1, annexins
A4, A11, A13; keratins 8, 19; myosins 15b, 1a, 1d, 5b, 5c, and 7b,
brush border kinase Prkg2, Llgl2, Rab25, Eps8-like genes and others
(Hein et al., 2011; Jarchau et al., 1994; Offenhauser et al., 2004;Sripathy et al., 2011; Tocchetti et al., 2010). QRT-PCR conﬁrmed
the reduction and persistent decrease in Vil1, Llgl2, Eps8l2 and
Eps8l3 mRNA levels at E14.5 and E16.5 (Fig. 6C, data not shown).
IHC conﬁrmed reduced KRT8 expression (Fig. S3C vs. D).
We compared published mRNA microarray data from E14.5
Klf5D/D bladders (Bell et al., 2011) with the present data, identify-
ing 112 mRNAs similarly inﬂuenced by Klf5 deletion in both
tissues, including Elf3, Grhl3, Pparg, Ovol1, Rarb, keratins 7, 8, and
19, Rab25, Sfn, and Llgl2 (Suppl. Table 1). As assessed by QRT-PCR,
Elf3, Grhl3, Pparg, Ovol1, and Llgl2 mRNAs were decreased in E14.5
Klf5D/D intestines (Fig. 6B and C). Elf3, Grhl3, Ovol1, and Sfn have
been implicated in promoting terminal differentiation in epithe-
lial cells in multiple tissues suggesting that KLF5 functions
upstream of a common set of target genes that inﬂuences their
terminal differentiation (Bell et al., 2011; Ng et al., 2002; Teng
et al., 2007; Xin et al., 2010; Yu et al., 2008, 2009). Further
comparison of these 112 mRNAs with KLF5 binding sites identi-
ﬁed by Parisi et al. (2010) using ChIP-Seq in ES cells revealed 24
Fig. 7. Identiﬁcation and characterization of intestinal transcription networks
regulated by KLF5. Ingenuity Pathway Analysis of the differentially expressed genes
within the microarray identiﬁed gene networks functionally enriched in ‘‘transcrip-
tional regulation of cell differentiation and ‘‘cell adhesion’’ (A). Solid lines (direct
interactions), dashed lines (indirect interactions). (B and C) Representative transient
transfection assays of HEK293T cells. Luciferase activity was normalized to Renilla
activity 24 h post transfection. For all experiments, empty vector was pcDNA3.1. KLF5
over-expression inhibited all mFoxA1 promoter constructs containing the region þ43/
þ355 (B). FOXA1 expression repressed bothmElf3 promoter pGL3 luciferase constructs,
whereas KLF5 had no effect (C). FOXA1 expression was conﬁrmed by Western blot
analysis (data not shown). The two-tailed Student’s t-test was used to assess statistical
differences (*, Pr.03), (***, Pr.005).
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(Suppl. Table 1) including Ovol1, Sfn, and Pparg. Notably, Pparg
plays a role in linking the terminal differentiation and cell-
adhesion sub-networks (Fig. 7A).KLF5 regulates Elf3 by inhibiting FoxA1 expression
In the intestines of Klf5D/D embryos, FoxA1 mRNA levels were
increased and Elf3 mRNA levels decreased at all developmental
time points evaluated. Elf3 ( /) embryos share several pheno-
typic characteristics with Klf5D/D intestines, including abnormal-
ities in villus formation and epithelial differentiation (Ng et al.,
2002). Mutation of FoxA1 and FoxA2 also caused abnormal
intestinal epithelial differentiation (Ye and Kaestner, 2009).
Therefore, we assessed potential regulatory interactions between
these genes. The continued expression of FoxA1 after deletion of
Klf5 suggested that KLF5 might repress FoxA1 transcription.
Consistent with this, increased expression of KLF5 inhibited
mFoxA1 promoter activity in HEK293T cells (Fig. 7B). FoxA1
promoter deletion analysis indicated that sequences immediately
surrounding the FoxA1 start site (NM_008259), þ43 to þ355
were sufﬁcient to confer inhibition by KLF5. Notably, þ162 to
þ318 is a ‘‘GC-rich’’ region containing two putative KLF5 binding
sites containing the sequence CACCC. We next evaluated the
ability of KLF5 to regulate Elf3 promoter constructs (Hou et al.,
2004). Neither activation of the Elf3 promoter by over expression
of KLF5 in HEK293T cells, nor inhibition of Elf3 promoter activity
in the presence of Klf5 siRNA in DLD-1 cells was observed (Fig. 7C,
data not shown). These data demonstrate that KLF5 does not
regulate this proximal promoter region of Elf3. In contrast, we
found that FOXA1 signiﬁcantly repressed the activity of Elf3-
luciferase reporter constructs in HEK293T cells (Fig. 7C). Together,
these results suggest that KLF5 restricts FoxA1 expression during
intestinal development, in turn allowing expression of Elf3 that
promotes villus formation and epithelial differentiation.Discussion
Deletion of Klf5 in the early endoderm using the Shh-Cre
transgene demonstrated that KLF5 is required for villus morpho-
genesis and differentiation of multiple intestinal epithelial cell
types. Temporally controlled deletion of Klf5 by tamoxifen admin-
istration at E13.5 indicated that KLF5 is required between E13.5
and E14.5, just prior to villus emergence.
The Klf5D/D intestines failed to form villi despite expressing
factors known to mediate epithelial–mesenchymal signaling
essential for villus formation including Shh, Bmp4, PDGFA, and
PDGFRa. The mesenchyme of Klf5D/D intestines was competent
to respond to epithelial HH signals as evidenced by increased Ptc1
and Gli2 expression at E16.5 likely mediated by continued
expression of Shh by the epithelium. Although deletion of Klf5
was associated with perturbed regulation of several components
of the HH pathway, it is not clear how these alterations con-
tributed to the observed absence of villi. Inhibition of all HH
signaling by epithelial over-expression of the HH inhibitor, Hhip,
resulted in formation of a proliferative, ﬂattened epithelium
similar to that generated by Klf5 deﬁciency (Madison et al.,
2005). A less severe intestinal phenotype was seen following
deletion of Shh or Ihh individually (Ramalho-Santos et al., 2000).
The reduction in Ihh expression alone is not sufﬁcient to explain
the lack of villus formation in Klf5D/D intestines, since Ihh (/)
fetuses are unable to maintain proliferation in the intervillus
region resulting in small villi (Ramalho-Santos et al., 2000).
Proliferating cells were detected throughout the Klf5D/D intestinal
S.M. Bell et al. / Developmental Biology 375 (2013) 128–139 137epithelium at all developmental time points in the absence of
formation of an intervillus region.
Villus emergence is associated with the formation of con-
densed clusters of mesenchyme expressing Pdgfra, Bmp4, and
Bmp2 (Karlsson et al., 2000). In the present study, subepithelial
clusters were present in the Klf5D/D mesenchyme particularly in
the proximal intestine. These clusters were associated with
emerging villi that subsequently failed to elongate and mature
resulting in a few very short, villus-like structures. Within distal
segments of the Klf5D/D intestine, where KLF5 recombination
occurs efﬁciently at an earlier developmental time point, mesench-
ymal clusters expressing PDGFRa were not observed as frequently
and a ﬂattened epithelium was observed at later developmental
timepoints. Since E-cadherin was detected not only on the lateral
membranes of the intestinal epithelium but also the luminal and
basal surfaces (Fig. 2G vs. H), the inefﬁciency in inducing mesench-
ymal cluster formation could be attributable to a failure of PDGFA
to be normally partitioned to the basal surface of the epithelial
cells. Consistent with this possibility, the microarray analysis of
intestines from Klf5D/D embryos identiﬁed reduced expression of
mRNAs involved in cellular trafﬁcking, including several members
of the Rab family.
The present data indicate that speciﬁcation of the crypt–villus
axis is required for terminal differentiation of the intestinal
epithelium. In the absence of villi, Klf5D/D E18.5 fetuses lacked
an apical brush border; goblet and enteroendocrine cells were
rarely detected; and reductions in the expression of mRNAs
associated with maturation of speciﬁc cell lineages, including
Elf3 (enterocytes), Atoh1, Tff3 (goblet cells), and Neurog3 (enter-
oendocrine cells) were demonstrated. Supportive of this concept,
newborn Klf5ﬂ/ﬂ; VillinCre mice also had sparse villi and most died
soon after birth (McConnell et al., 2011). Terminally differentiated
intestinal epithelial cells are absent in mice lacking Cdx2 (Gao
et al., 2009; Hryniuk et al., 2012). Analogous to the Klf5D/D
intestines, Hnf1a, Hnf-4a, Isx and Cdx1 mRNAs were reduced in
E12.5–E14.5 Cdx2 null embryos in which villus hypoplasia was
observed by E16.5 in the presence of a highly proliferative
epithelium (Gao et al., 2009). In contrast, nascent villi formed in
Tcf4 (/) embryos as well as terminally differentiated enter-
ocytes and goblet cells (Korinek et al., 1998). Taken together,
these observations support the concepts that villus morphogen-
esis is closely linked with terminal maturation of intestinal
epithelial cells and that Klf5 and Cdx2 are required for intestinal
morphogenesis and terminal differentiation.
The CDX-HNF centered ‘‘transcriptional regulation of cell
differentiation’’ and the claudin centered ‘‘cell adhesion’’ sub-
networks identiﬁed by Ingenuity Pathway Analysis are intercon-
nected since CDX and HNF family members can transcriptionally
activate the claudins. The present study supports the concept that
CDX and HNF factors work in concert with claudins to control
epithelial cell shape changes likely required for villus morpho-
genesis. Villus morphogenesis is similarly impaired in Klf5D/D and
Cdx2 (/) embryos (Gao et al., 2009). Supportive of this
concept, late fetal loss of intestinal epithelial E-cadherin resulted
in regions lacking villi and other regions possessed blunted or
misshapened villi (Bondow et al., 2012).
Upstream regulator analysis predicted FOXA1/2 as one of the
most likely upstream regulators of intestinal epithelial matura-
tion based on the signiﬁcant overlap between down regulated
genes in Klf5D/Dmice and known transcriptional targets of FOXA1/2.
Transcriptional network analysis supports the concept that FOXA1
is an important transcriptional hub regulating Cdx2, Hnf1a, Hnf4a
and Hnf4g (Fig. 7A). The ﬁndings that FOXA1 expression is normally
restricted during villus emergence, and that FOXA1 was maintained
at high levels in Klf5D/D intestines, support the importance of our
ﬁnding that KLF5 repressed the FoxA1 promoter in vitro. ChIP-seqdata acquired from KLF5 over-expressing ES cells conﬁrmed an
interaction between KLF5 and the FoxA1 promoter supporting a
model in which KLF5 directly regulates transcription of FoxA1
(Parisi et al., 2010). The Klf5D/D epithelium was highly proliferative
and continued to express high levels of FOXA1 and SOX9 at
developmental stages when the expression of both genes is nor-
mally restricted suggesting that the Klf5D/D epithelium is maintained
in an immature state. An undifferentiated epithelium that lacked
villi also formed in mice after temporal deletion of KLF5 at E13.5,
indicating that KLF5 activity is required at the onset of villus
morphogenesis at E14.5–E15.5, co-incident with the temporal
decrease in FOXA1 expression. Since KLF5 and FOXA1 are
co-expressed throughout earlier phases of gut morphogenesis, the
temporal signal that would induce KLF5 to inhibit FOXA1 expression
is currently unknown. KLF5 both activates and inhibits gene
expression depending on the post-translational modiﬁcations made
in response to extracellular stimuli (Bateman et al., 2004; Zheng
et al., 2011). The failure of the Klf5D/D intestinal epithelium to
mature is consistent with a recent report indicating that changes in
the levels of FOXA1 can mediate dramatic changes in the activity of
pre-established enhancers by altering the binding afﬁnities of
nuclear hormone receptors (Wang et al., 2011). FOXA1 recruits
transcriptional inhibitors including HDAC7 and Groucho related
genes to repress target gene expression (Malik et al., 2010;
Santisteban et al., 2010). The ﬁnding that FOXA1 inhibited the Elf3
promoter, a gene required for maturation of the absorptive enter-
ocytes within the intestine, provides a plausible mechanism by
which KLF5 regulates intestinal development by controlling a net-
work of transcription factors. In the context of enterocyte differ-
entiation, KLF5 inhibits FoxA1 and thus allows expression of Elf3 to
direct terminal differentiation of intestinal epithelial cells. Notably,
KLF5 also interacts with class 1 HDACs (Zheng et al., 2011). In the
fetal intestine, HDACs 1 and 2 are expressed by the epithelium and
their expression declines between E13 and E15, coincident with the
onset of terminal differentiation and villus morphogenesis (Tou
et al., 2004). Thus in the KLF5 deﬁcient epithelium the promoters
of some terminal differentiation markers may not be properly
poised for activation, thus prohibiting intestinal maturation.
KLF5 is not required for embryonic intestinal epithelial cell
proliferation. In the present study and after targeted deletion of
Klf5 in the adult intestinal epithelium (McConnell et al., 2011),
proliferation was maintained. An increase in the number of Ki67-
positive mitotic cells was also observed postnatally in Klf5-
deﬁcient ocular surface epithelial cells, accompanied by failure
to form goblet cells (Kenchegowda et al., 2011). Thus, in embryo-
nic, postnatal, and adult epithelium, KLF5 is required for transi-
tioning undifferentiated cells towards a terminally differentiated
fate (Kenchegowda et al., 2011; McConnell et al., 2011).
In summary, these studies indicate a novel requirement of
KLF5 to initiate morphogenesis of the early endoderm into a
compartmentalized intestinal epithelium comprised of villi. The
data support the concept that KLF5 orchestrates villus morpho-
genesis in part by repression of FoxA1 expression that in turn
alleviates FOXA1 mediated repression of the terminal differentia-
tion factor Elf3.Acknowledgements
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